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In this talk I summarize the present status of the determination of neutrinomasses andmixing fromglobal
analysis of solar, atmospheric, reactor, and accelerator neutrino data in the framework of three-neutrino
oscillations and some extended scenarios.
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At the time of TAUP13 neutrino oscillation experiments have
established with good precision that [1]:
• Atmospheric νµ and ν¯µ disappear most likely converting to ντ
and ν¯τ . The results show an energy and distance dependence
perfectly described by oscillations.
• Accelerators νµ and ν¯µ disappear over distances of ∼200–700
km. The energy spectrum of the results show a clear oscillatory
behaviour.
• Solar νe convert to νµ or ντ . The observed energy dependence
of the effect is well described by neutrino conversion in the Sun
matter according to the MSW effect [2].
• Reactor ν¯e disappear over distances of ∼200 km. The observed
energy spectrum shows an oscillatory behaviour with a
wavelength distinct from the one observed in accelerator νµ
disappearance and compatible with the required parameters
for MSW conversion in the Sun.
• Accelerator νµ appear as νe at distances∼200–700 km.
• Reactor ν¯e disappear also over distances of∼1.5 km.
These last two results are new since the last TAUP conference and
have helped us to finalize the determination of the magnitude of
all the entries of the leptonic mixing matrix.
All these results imply that neutrinos are massive. But in the
Standard Model (SM) symmetry arguments imply that neutrinos
are strictly massless. So the SM has to be extended at least
minimally to allow for neutrino masses. This minimal extension is
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two forms:
(a) Introduce νR and impose total lepton number (L) conservation
so after electroweak symmetry breaking
LNMSM = LSM −Mν ν¯LνR + h.c. (1)
In this case the mass eigenstate neutrinos are Dirac fermions,
i.e. νC ≠ ν.
(b) Construct a mass term only with the SM left-handed neutrinos
by allowing L violation
LNMSM = LSM − 12Mν ν¯Lν
c
L + h.c. (2)
In this case the mass eigenstates are Majorana fermions, νC =
ν. Furthermore the Majorana mass term above also breaks the
electroweak gauge invariance. In this respect Eq. (2) can only
be understood as a low energy limit of a complete theory while
Eq. (1) is formally self-consistent.
Either way, in the NMSM flavour is mixed in the CC interactions
of the leptons, and a leptonic mixing matrix appears analogous to
the CKMmatrix for the quarks although the discussion of leptonic
flavour mixing is complicated by two factors. First the number of
massive neutrinos (n) is unknown, since there are no constraints
on the number of right-handed, SM-singlet, neutrinoswhich can be
added for example in Eq. (2). Second, since neutrinos carry neither
colour nor electromagnetic charge, they could be, unlike quarks,
Majorana fermions which allows for additional physical phases in
the mixing matrix. Thus the number of new parameters in the
model depends on the number of massive neutrino states and on
whether they are Dirac or Majorana particles. In summary if we
denote the neutrino mass eigenstates by νi, i = 1, 2, . . . , n, and
the charged lepton mass eigenstates by li = (e, µ, τ ), in the mass
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Experiments contributing to the present determination of the NMSM parameters.
Experiment Dominant Relevant
Solar Experiments θ12 ∆m221 , θ13
Reactor LBL (KamLAND) ∆m221 θ12 , θ13
Reactor MBL (Daya-Bay, Reno, D-Chooz) θ13 |∆m231,32|
Atmospheric Experiments θ23 |∆m231,32|, θ13 , δCP
Accelerator LBL νµ Disapp (Minos) |∆m231,32| θ23
Accelerator LBL νe App (Minos,T2K) δCP θ13 , θ23
basis, leptonic CC interactions are given by
−LCC = g√
2
liL γ
µ U ij νj W+µ + h.c., (3)
and U is a 3 × n matrix which verifies UUĎ = I3×3 but in general
UĎU ≠ In×n.
For most of my talk I will be assuming only three massive light
states. (The possibility of light sterile neutrinos to accommodate
some anomalies observed at short baselines beyond those listed
above is discussed in [3].) With only three massive light states,
and neglecting the bound-to-be-small effects of unitarity violation
due to possible admixture with very heavy massive states, U is a
3× 3 matrix analogous to the CKMmatrix for the quarks [4,5] but
due to the Majorana (Dirac) nature of the neutrinos it depends on
six (four) independent parameters: three mixing angles and three
(one) phases
U =
1 0 0
0 c23 s23
0 −s23 c23

·
 c13 0 s13e−iδCP0 1 0
−s13eiδCP 0 c13

·
 c21 s12 0
−s12 c12 0
0 0 1

·
eiη1 0 00 eiη2 0
0 0 1
 , (4)
where cij ≡ cos θij and sij ≡ sin θij. In addition to the Dirac-
type phase δCP, analogous to that of the quark sector, there are
two physical phases ηi associated to the Majorana character of
neutrinos.
A consequence of the presence of the leptonic mixing is the
possibility of flavour oscillations of the neutrinos [6]. Flavour
oscillation probabilities have oscillation wavelengths Losc0,ij = 4πE∆m2ij ,
and amplitudes that are proportional to elements of the mixing
matrix. Thus neutrino oscillations are only sensitive to mass
squared differences and they do not give us information on the
absolute value of the masses. Also the Majorana phases do not
affect oscillations.
The observed oscillation patterns described above require two
distinctive oscillation wavelengths. Thus there are two possible
non-equivalent orderings for the mass eigenvalues, which are
conventionally chosen as
∆m221 ≪ (∆m232 ≃ ∆m231 > 0),
∆m221 ≪ −(∆m231 ≃ ∆m232 < 0),
(5)
with∆m2ij ≡ m2i −m2j . I refer to the first option, as Normal ordering
(NO), and to the second one, as Inverted ordering (IO).
2. The parameters of the NMSM
In total the 3-ν oscillation analysis of the existing data involves
six parameters: 2mass differences (one of which can be positive or
negative), 3mixing angles, and theCPphase. I summarize in Table 1
the different experiments contributing dominantly to the present
determination of the NMSM parameters.Fig. 1. Global 3ν oscillation analysis. The red (blue) curves are for N(I)O. Results
for different assumptions concerning the analysis of data from reactor experiments
are shown: for solid curves the normalization of reactor fluxes is left free and data
from short-baseline (less than 100m) reactor experiments are included. For dashed
curves short-baseline data are not included but reactor fluxes as predicted in recent
calculations [3] are assumed. Note that as atmospheric mass-squared splitting we
use∆m231 for NO and∆m
2
32 for IO. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
At present the determination of the leptonic parameters
requires global analysis of the data which is in the hands of a few
phenomenological groups [7–9]. The result I summarize here are
from updates of Ref. [9]. In Fig. 1 I show different projections of the
allowed six-dimensional parameter space. The best fit values and
the derived ranges for the six parameters at the 1σ (3σ ) level are
given in Table 2. For each parameter the ranges are obtained after
marginalizing with respect to the other parameters.
The results are shown for two choices of the reactor fluxes. Up
to very recently the interpretation of neutrino oscillation searches
at nuclear power plants was based on calculations of the reactor ν¯e
flux dating back to 1985 [3]. Indeed, the observed rates at all re-
actor experiments performed so-far at distances L . 1 km (which
we label as reactor short-baseline experiments (RSBL) are consis-
tent with these fluxes, therefore setting limits on ν¯e disappear-
ance. Over the last three years the flux of ν¯e emitted from nuclear
power plants has been re-evaluated [3], yielding roughly 3% higher
neutrino fluxes than assumed previously. This might indicate an
anomaly in RSBL experiments, which according to the new fluxes
observe a slight deficit. Motivated by this situation in Ref. [9] the
results are shown for the two limiting assumptions of either taking
the new predicted fluxes of and ignore the RSBL data (labelled in
the figures as ‘‘Huber’’) or to allow for a free normalization of the
reactor fluxes and include the RSBL data to determine its possible
allowed range (labelled as ‘‘Free Fluxes+ RSBL’’).
From this analysis we conclude that:
1. The present global analysis disfavours θ13 = 0 with a ∆χ2 ≈
100. This is mostly driven by the new reactor data from Daya
Bay and Reno.
2. An uncertainty on θ13 at∼1σ remains due to a tension between
predicted reactor neutrino fluxes and data from RSBL experi-
ments.
3. The best fit occurs for IO for either choice of the reactor fluxes
but the statistical significance of the preference IO versus NO is
≤1σ .
4. Non-maximal θ23 is favoured at ∼1.2–1.5σ for either ordering
and choice of the reactor fluxes.
5. The statistical significance of the preference of the fit for the
second (first) octant of θ23 is ≤1.5σ (≤1.4σ ) for I(N)O for ei-
ther choice of the reactor fluxes.
6. A value of the CP phase of the order of 270 (300) is favoured in
I(N)O. The statistical significance of the effects associated with
δCP is∼2.7σ (∼2.3σ ) for I(N)O.
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Three-flavour oscillation parameters from our fit to global data including the results presented at this conference. They correspond to the case ‘‘Free Fluxes+ RSBL’’.
θ12 /
◦ θ23 /◦ θ13 /◦ δCP /◦
∆m221
10−5 eV2
∆m231
10−3 eV2 (N)
∆m232
10−3 eV2 (I)
bfp±1σ 33.57+0.77−0.75 41.9+0.5−0.4 ⊕ 50.3+1.6−2.5 8.73+0.35−0.36 266+55−55 7.45+0.19−0.16 +2.417+0.014−0.014 −2.411+0.062−0.062
3σ range 31.37→ 36.01 37.2→ 54.5 7.56→ 9.77 0→ 360 6.98→ 8.05 +2.247→+2.623 −2.602→−2.226It is important to stress that, although the interplay between reac-
tor and LBL experiments is becoming more relevant in the present
sensitivity to the octant of θ23, δCP, and the ordering, the final statis-
tical significance of these effects still receives a relevant contribu-
tion from the presence/absence of sub-dominant oscillation effects
associated to these parameters in the atmospheric neutrino analy-
sis. Atmospheric neutrino results from Super-Kamiokande collab-
oration are presented in terms of a large number of data samples
and the rates for some of those samples cannot be theoretically
predicted (and therefore included in a statistical analysis) without
a detailed simulation of the detector, which can only be made by
the experimental collaboration itself. Hence, although the results
of the analysis performed by the different groups contain the most
up-to-date analysis of the atmospheric neutrino data which can be
performed outside the collaboration, such analysis have unavoid-
able limitations. Caution is mandatory when ‘‘hints’’ of such small
effects are claimed.
From the global χ2 one can derive the following 3σ CL ranges
on the magnitude of the elements of the leptonic mixing matrix
|U| =
0.795→ 0.844 0.515→ 0.581 0.132→ 0.170
0.214→ 0.526 0.427→ 0.706 0.598→ 0.805
0.234→ 0.537 0.451→ 0.721 0.573→ 0.787

.
(6)
By construction the derived ranges in Eq. (6) are obtained under
the assumption of the matrix U being unitary.
3. Neutrino mass scale: laboratory–cosmology connection
Oscillation experiments provide information on ∆m2ij, and on
the leptonic mixing angles, Uij. But they are insensitive to the
absolute mass scale for the neutrinos. Of course, the results of an
oscillation experiment do provide a lower bound on the heavier
mass in ∆m2ij, |mi| ≥

∆m2ij for ∆m
2
ij > 0. But there is no upper
bound on this mass. In particular, the corresponding neutrinos
could be approximately degenerate at a mass scale that is much
higher than

∆m2ij. Moreover, there is neither upper nor lower
bound on the lighter massmj.
Information on the neutrino masses, rather than mass differ-
ences, can be extracted from kinematic studies of reactions in
which a neutrino or an anti-neutrino is involved [11]. In the pres-
ence of mixing the most relevant constraint comes from Tritium
beta decay 3H → 3He + e− + νe which, within the present and
expected experimental accuracy, can limit the combination
m2νe =

m2j |Uej|2 = c213c212m21 + c213s212m22 + s213m23. (7)
Direct information on neutrino masses can also be obtained
fromneutrinoless double beta decay (A, Z)→ (A, Z+2)+e−+e−.
The rate of this process is proportional to the effective Majorana
mass of νe,
mee =
 
i
miU2ei

= c213c212m1 eiη1 + c213s212m2 eiη2 + s213m3 e−iδCP  (8)Fig. 2. 95% allowed regions (for 2 dof) in the planes (mνe ,

mν ) and (mee ,
mν ) from the global analysis of oscillation data (full regions). We also show
superimposed the 95% upper bounds on

mν from cosmological constraints for
the different analysis presented in Ref. [10].
which, unlike Eq. (7), depends also on the three CP violating phases.
Notice that in order to induce the 2β0ν decay, ν’s must Majorana
particles.
Neutrinos contribute to the total energy density of the Uni-
verse and with what we know of their masses, they are relativis-
tic through most of the evolution of the Universe and they are
very weakly interacting which means that they decoupled early
in cosmic history. Depending on their exact masses they can im-
pact the CMB spectra and more importantly, their free stream-
ing suppresses the growth of structures on scales smaller than
the horizon at the time when they become non-relativistic and
therefore affects the matter power spectrum which is probed
from surveys of the LSS distribution. Within their present preci-
sion, cosmological observations are sensitive to neutrinos only via
their contribution to the energy density in our Universe, Ωνh2 =
i mi/(94 eV). Therefore cosmological data mostly gives infor-
mation on the sum of the neutrino masses and has very little to
say on their mixing structure and on the ordering of the mass
states [12].
Correlated expectations on the values of the three probes of
neutrino masses can be obtained by mapping the results from the
global analysis of oscillations presented in the previous section
[7]. I show in Fig. 2 the present status of this exercise (updated
from Ref. [10]). As expected the predictions are different in NO
or IO. Also the relatively large width of the regions in the right
panel are due to the unknown Majorana phases. Thus a positive
precise determination of two of these probes, besides giving us
the precise values of the three neutrino masses, can also provide
information on the value of the Majorana phases and/or the mass
ordering.
4. Matter potential: non standard interactions
Neutrino oscillation experiments can also provided important
information on other BSM neutrino properties. As an example
I briefly summarize here the results of the most up-to-date
determination of new physics in the matter effects in neutrino
propagation from the global analysis of neutrino oscillation
experiments from Ref. [13] to which I refer the reader for details
and related references.
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regions of the oscillation parameters for f = u after marginalizing over the matter
potential parameters and the undisplayed oscillation parameters. The full regions
and the star correspond to the global analysis includingNSI,while the black-contour
void regions and the triangle correspond to the analysiswith the usual SMpotential.
The green and red dotted areas show the 90% and 3σ CL allowed regions from
partial analyses where the effects of the non-standard matter potential have been
neglected either in the solar+ KamLAND (green) or in the atmospheric+ LBL (red)
sectors. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
In the 3ν oscillation picture described above the neutrino
evolution equation along trajectory parametrized by coordinate x
reads (ν⃗ = (νe, νµ, ντ )T ):
i
d
dx
ν⃗ = (Hvac + Hmat)ν⃗ with Hvac = UDvacUĎ
Dvac = 12Eν diag(0,∆m
2
21,∆m
2
31) (9)
while for antineutrinos the Hamiltonian is H ν¯ = (Hvac − Hmat)∗.
In SM Hmat is fully determined both in its strength and flavour
structure to be HSMmat =
√
2GFNe(r)diag(1, 0, 0) for ordinary
matter [2]. Generically ordinary matter is composed by electrons
(e), up-quarks (u) and down-quark (d), thus in the most general
case a non-standard matter potential can be parametrized as:
Hmat =
√
2GFNe(r)
1 0 0
0 0 0
0 0 0

+√2GF

f=e,u,d
Nf (r)
ε
f
ee ε
f
eµ ε
f
eτ
εf ∗eµ ε
f
µµ ε
f
µτ
εf ∗eτ ε
f ∗
µτ ε
f
ττ
 . (10)
The standard theoretical framework for this parametrization of the
matter potential is provided by non-standard interactions (NSI)
of neutrinos with the matter particles. They can be described by
effective four-fermion operators of the form
LNSI = −2
√
2GFε
fP
αβ(ν¯αγ
µνβ)(f¯ γµPf ), (11)
where f is a charged fermion, P = (L, R) and εfPαβ are dimensionless
parameters encoding the deviation from standard interactions. NSI
enter in neutrino propagation only through the vector couplings
so the induced matter Hamiltonian takes the form Eq. (10) with
ε
f
αβ = εfLαβ + εfRαβ .Fig. 4. Dependence of the ∆χ2 function for the global analysis of solar,
atmospheric, reactor and LBL data on the NSI parameters εfαβ for f = u (upper
panels) and f = d (lower panels), for both LMA (full blue) and LMA-D (dashed red)
regions.
Since the matter term can be determined by oscillation
experiments only up to an overall multiple of the identity, without
loss of generality one can assume εfµµ = 0. With this, we have 8
additional parameters in the analysis (for each f ) since εfee and εfττ
must be real whereas εfeµ, ε
f
eτ and εfµτ can be complex.
I show in Figs. 3 and 4 some projections of the large parameter
space in oscillation parameters and on theNSI parameters from the
global analysis of oscillation data in terms of 3ν oscillations with
general real matter potential (with ∆m221 effects neglected in the
analysis of ATM and LBL experiments). From the figures we read
that:
1. The determination of most of the oscillation parameters
discussed in the previous section is robust under the presence
of NSI as large as allowed by the oscillation data itself, with the
exception of the octant of θ12.
2. A solution with θ12 > 45◦ still provides a good fit (see lower
left panel in Fig. 3) – the ‘‘so-called’’ LMA-D – for which large
NSI are required but still fully compatible with the bounds from
atmospheric and LBL oscillation data.
3. Indeed the analysis of solar and KamLAND data favours non-
vanishing NSI to better fit the fact that neither the SNO nor
SK4 low energy threshold analysis nor the 8B measurement in
Borexino seem to show evidence of the low energy turn-up of
the spectrum predicted in the standard LMA MSW.
4. Comparing the results in Fig. 4 with the bounds on NSI from
non-oscillation data we find that, with the possible exception
of εu,deµ , the global oscillation analysis presented here yields
the most restrictive bounds on the vector NSI parameters, in
particular those involving τ flavour.
5. Summary
Neutrino physics is a very exciting field which is at themoment
experimentally driven. An enormous experimental effort has been
devoted in the last years to prove beyond doubt the presence of
neutrino masses andmixing. In particular last two years have seen
the determination of the third mixing angle in the leptonic mixing
matrix θ13.
Neutrino masses imply physics beyond the Standard Model.
Determining the parameters of the neutrino sector is, so far, our
primary source of information to understand the dynamics at the
new physics scale. But even at the end of the existing neutrino
programs, we will still be far from reaching this goal. Further
advance requires a new generation of neutrino experiments.
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